The transition to puberty and adult fertility both require a minimum level of energy availability. The adipocyte-derived hormone leptin signals the long-term status of peripheral energy stores and serves as a key metabolic messenger to the neuroendocrine reproductive axis. Humans and mice lacking leptin or its receptor fail to complete puberty and are infertile. Restoration of leptin levels in these individuals promotes sexual maturation, which requires the pulsatile, coordinated delivery of gonadotropin-releasing hormone to the pituitary and the resulting surge of luteinizing hormone (LH); however, the neural circuits that control the leptin-mediated induction of the reproductive axis are not fully understood. Here, we found that leptin coordinated fertility by acting on neurons in the preoptic region of the hypothalamus and inducing the synthesis of the freely diffusible volume-based transmitter NO, through the activation of neuronal NO synthase (nNOS) in these neurons. The deletion of the gene encoding nNOS or its pharmacological inhibition in the preoptic region blunted the stimulatory action of exogenous leptin on LH secretion and prevented the restoration of fertility in leptin-deficient female mice by leptin treatment. Together, these data indicate that leptin plays a central role in regulating the hypothalamo-pituitary-gonadal axis in vivo through the activation of nNOS in neurons of the preoptic region.
Introduction
Reproduction in mammals is favored when there is sufficient energy available to permit the survival of offspring. Minimum energy stores are thus necessary for the initiation of puberty and the maintenance of reproductive capacity. Consequently, undernourishment is associated with delays in sexual maturation and the suppression of fertility during adulthood. At the other end of the spectrum, the rising prevalence of metabolic disorders involving excess energy stores, including obesity, has been linked with a rise in the incidence of precocious puberty, abnormal menstrual cycles, and infertility (1, 2) . Given this alarming increase in metabolic disorders and their association with conditions such as infertility, a great deal of research has been devoted to elucidating the mechanisms underlying these disorders and their relationship to the neuroendocrine reproductive axis (3) . Leptin, an adipocytederived hormone secreted in proportion to body fat mass, has been linked to the regulation of both metabolic and reproductive function. Chronically elevated leptin levels, both a characteristic of obesity and a condition known to accelerate puberty (4, 5) and prolong the menstrual cycle (5), may indeed account for the increased prevalence of reproductive impairment in obese patients.
Leptin deficiency, caused by the Lep ob/ob loss-of-function mutation in both humans and rodents, results in obesity, a failure to complete puberty, and consequently, infertility (6, 7) . Chronic leptin administration to Lep ob/ob individuals induces the completion of sexual maturation and the restoration of fertility, indicating the key role played by leptin (7, 8) . There is compelling evidence to suggest that leptin regulates neurons producing gonadotropinreleasing hormone (GnRH neurons) via cells afferent to these neurons (9, 10) and/or those that interact morphologically with them (11) . However, despite leptin's crucial implications for mammalian reproduction, the identification of the sites of action and specific cell populations involved in the transmission of leptin signaling to the neuroendocrine reproductive axis remains elusive. In this report, we show that neurons synthesizing NO could act as mediators of leptin signaling to the central reproductive axis and identify the preoptic region as a novel site for the integration of this signal into GnRH neuronal function.
of the reproductive axis, such as leptin, is not known. The mapping of leptin-responsive cells in the hypothalamus has revealed that several leptin receptor (LepR) populations are NO-synthesizing neurons (16, 17) and that the enzymatic activity of nNOS can be regulated by leptin in rostral areas of the hypothalamus (16) . To examine whether nNOS neurons within the preoptic region are leptin sensitive, we performed double immunofluorescence analyses for nNOS and the leptin-induced phosphorylation of STAT3 (P-STAT3), a widely used technique for identifying leptin-responsive cells (18) . In cycling diestrous mice, 30%-40% of NO-synthesizing neurons in the dorsal part of the medial preoptic area (MEPO) and the organum vasculosum of the lamina terminalis (OVLT) were shown to express P-STAT3 (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI65928DS1). We next investigated the putative effect of leptin treatment on nNOS activity by studying its state of phosphorylation (19) . Interestingly, Western blot analyses showed an acute increase in phosphorylated nNOS (P-nNOS) expression in the preoptic region of diestrous mice 15 minutes after leptin injection ( Figure 1A) . The phosphorylation of nNOS was found to be restricted to the OVLT and the MEPO, in which 80% of nNOS-expressing cells displayed P-nNOS immunoreactivity following leptin injection ( Figure 1 , B and C) (n = 4, P < 0.05, Student's t test for vehicle vs. leptin treatment). Leptin-induced nNOS phosphorylation in these neurons coincided with a rise in luteinizing hormone (LH) levels from their nadir (Figure 1 , A and D) (n = 5, P < 0.05, 1-way ANOVA). Together, these results suggest that nNOS neurons within and in direct proximity to the OVLT, a site devoid of the blood-brain barrier (20) and to which GnRH neurons extend dendrites (21) , may acutely sense changes in leptin levels and rapidly relay this information to GnRH neurons, which in turn stimulate LH release.
NO signaling originating from the preoptic region is important for leptininduced LH release and is independent of kisspeptin/GPR54 signaling. Hypothalamic neurons that release the neuropeptide kisspeptin, a fundamental player in the reproductive axis (22) (23) (24) , functionally interact with nNOS neurons (which express the kisspeptin receptor GPR54) within the preoptic region to regulate GnRH/LH release (15) . Kisspeptin neurons in the arcuate nucleus (ARH) puta- tively contain the LepR, suggesting that leptin-induced LH release involves kisspeptin/GPR54 signaling (3). However, this hypothesis is somewhat controversial, since only 5% of kisspeptin neurons in the ARH have been confirmed to express the LepR (11) and the selective deletion of this receptor in kisspeptin neurons results in normal sexual maturation and continued fertility (25) . To ascertain whether kisspeptin/GPR54 signaling is required for leptin-induced LH release in the current model, leptin was administered to Gpr54 -/-mice and their wild-type littermates. Leptin stimulated the release of LH in both wild-type and Gpr54 -/-mice at diestrus within 15 minutes of its administration (Figure 2A ) (n = 4-5, P < 0.05), suggesting that kisspeptin/GPR54 signaling is not required for the effects of leptin on LH release. This result is in stark contrast to that found in mice lacking Nos1, in which leptin did not trigger an increase in LH levels ( Figure 2A ) (n = 4-5, P = 0.93). To confirm that NO signaling is involved in the leptin-induced LH release, wild-type mice were injected i.p. with a NOS inhibitor, NG-nitro-l-arginine methyl ester hydrochloride (l-NAME), 3 hours prior to leptin administration. Consistent with the results obtained in Nos1 -/-mice, leptin did not induce any increase in LH levels when coadministered with l-NAME ( Figure 2B ). Since we have shown previously that the chronic inhibition of nNOS activity in preoptic neurons disrupts estrous cyclicity (26), we sought to examine whether NO signaling was involved in the leptin-induced release of LH in the preoptic region by injecting l-NAME intracranially into the preoptic region prior to peripheral leptin administration. l-NAME completely suppressed the release of LH, whereas in vehicle-injected animals, LH levels rose in response to leptin ( Figure 2B ) (n = 4-6, P < 0.05). Together, these data indicate that NO signaling, particularly within the preoptic region, is involved in the acute stimulatory effect of leptin on LH release.
Mathematical modeling of hypothalamic NO concentrations before and after leptin treatment supports a synchronizing effect. The aforementioned results could be explained if, prior to leptin treatment, NO exists as a discrete cloud restricted to the vicinity of the active nNOS neurons, whereas, after leptin treatment, greater numbers of active nNOS neurons, as indicated by P-nNOS expression, lead to a buildup of NO in the intervening tissue to concentrations sufficient to engage GnRH neurons located therein, leading to GnRH (and subsequent LH) release.
To test the plausibility of this hypothesis, active nNOS neurons in the preoptic region were modeled as a 3-dimensional array of NO-emitting spheres (Supplemental Results and Supplemental Figure 2) . From the analysis, it was concluded that the above hypothesis was fully supported, subject to 2 main conditions: first, that the number of active nNOS neurons under low-leptin conditions is half or less than that present in the fully active state achieved after leptin treatment ( Figure 1C ), and second, that NO was subject to a similar rate of inactivation to that found in the cerebellum (27) (see Supplemental Results). Accordingly, the model supports the idea that leptin treatment can switch the mode of operation of NO from being active only locally to being a "volume transmitter" capable of influencing cells located at a distance, irrespective of anatomical connectivity ( Figure 2C ).
Figure 2
The blockade of nNOS blunts leptin's ability to induce LH release. (A) nNOS activity is required for leptin-induced LH release, independently of kisspeptin/ GPR54 signaling. (B) The pharmacological inhibition of nNOS, specifically within the preoptic region (POA), is sufficient to block leptin-induced LH release. The diagram and the corresponding photomicrograph show the target site into which l-NAME was stereotaxically infused in the preoptic region, in which GnRH (green dots) and nNOS (red dots) neuronal cell bodies are intermingled. ac, anterior commissure. The asterisk in the image indicates the trajectory of the implanted needle. Scale bar: 500 μm. (C) Schematic representation of the hypothetical mechanisms of regulation of LH secretion in the absence (top panel) or presence (bottom panel) of exogenous leptin treatment in diestrus mice (see Supplemental Figure 2 for mathematical modeling). *P < 0.05, **P < 0.01.
Leptin requires NOS activity in the neuroendocrine response to fasting.
The seminal work by Ahima et al. (28) demonstrated that suppression of fertility during an acute severe fast can be rescued through bidaily administration of leptin (28) . Because leptin acts, at least in part, through NO signaling to stimulate LH release, we sought to assess whether nNOS activity plays an active role in leptin-sensing during conditions of severe food deprivation. We used a modified experimental design (28) , in which wild-type mice were deprived of food for 24 hours on the day of diestrus 1 and treated with either vehicle or leptin twice daily for the duration of the fast. To determine the function of nNOS activity, mice were treated with either l-NAME (50 mg/kg, i.p) or saline prior to each leptin or vehicle injection. Predictably, food deprivation for 24 hours during diestrus 1 impaired the ability of mice to enter proestrus 2 days afterward ( Figure 3 , A and B) and thus suppressed the preovulatory LH surge ( Figure 3C ), while leptin administration completely restored both estrous cyclicity and LH levels in fasted mice when compared with ad libitum fed mice ( Figure 3 ) (n = 6-7, P = 0.02). Remarkably, the administration of l-NAME concurrently with leptin completely abolished the ability of exogenous leptin to rescue fertility in fasting conditions ( Figure 3 , A-C), suggesting that NO signaling plays a role in leptin sensing during periods of food deprivation. Altogether, these data indicate that NO signaling is not only involved in the acute but also in the long-term stimulatory effect of leptin on the neuroendocrine reproductive axis.
nNOS signaling in the preoptic region is necessary for the recovery of sexual maturation in Lep ob/ob mice by leptin. Chronic leptin administration to Lep ob/ob mice is sufficient to correct the sterile phenotype (7). Here, we modified the experimental design such that each mouse received leptin (3 mg/kg, i.p.) daily for 28 days to restore puberty in Lep ob/ob mice. In the first step of the experiment, Lep ob/ob mice were crossed with Nos1 -/-mice to create a double-transgenic mouse lacking both leptin and nNOS (Nos1 -/-Lep ob/ob ) in order to establish the necessity of NO signaling. In the second step, local inhibition of nNOS in the preoptic region was used to examine the role of NO signaling in this discrete brain area. To do this, the NOS inhibitor l-NAME was delivered chronically into the preoptic region for the duration of the leptin treatment regimen.
Nos1 -/-Lep ob/ob mice were infertile, despite a much lower initial body weight than their Nos1 +/+ Lep ob/ob littermates ( Figure 4 , A and E) (n = 4, P < 0.01, 2-way ANOVA). Interestingly, the targeted mutation of the LepR in nNOS cells results in an obese phenotype (29), while our Nos1 -/-Lep ob/ob mice displayed a less
Figure 3
The pharmacological inhibition of nNOS with l-NAME prevents the rescue of the estrous cycle and LH levels by leptin in fasted mice. (A) Representative 15-day estrous cycles of animals subjected or not to 24-hour fasting in diestrus 1 three days before death (gray shadow). Mice were subjected to leptin (red arrows), l-NAME (blue arrows), or vehicle (white arrows) injection twice daily on diestrus 1 three days before death. Each circle represents 1 day. Di, diestrus; P, proestrus; E, estrus. (B) Leptin treatment in fasting mice rescued proestrous-like uterine weight (UW), whereas concomitant l-NAME injection blunted this effect. (C) Leptin treatment restores surge levels of LH in mice subjected to 24-hour fasting in diestrus 1 and killed on the expected day of proestrus, i.e., 2 days after. l-NAME treatment impedes this leptin-rescuing effect in fasting mice. *P < 0.05, ***P < 0.001, leptin vs. vehicle. dramatic obese phenotype, thus raising the possibility that nNOS neurons, which are not leptin sensitive, are also involved in energy homeostasis. Predictably, the mice incurred substantial weight loss during the leptin regimen ( Figure 4A ). Pubertal activation was never detected in Nos1 -/-Lep ob/ob mice, while the first estrous cycle occurred 13 days from the start of the leptin regimen in Nos1 +/+ Lep ob/ob littermates and remained variable thereafter, typically lasting 4 to 5 days (Figure 4, B and E) . The Nos1 -/-single-mutant (Nos1 -/-Lep +/+ ) mice demonstrated an ovulatory pattern, as reported in other studies (15, 30) , suggesting that the lack of nNOS alone is not responsible for the continued infertility of Nos1 -/-Lep ob/ob mice.
Three to five days prior to the end of the leptin regimen, on the day of diestrus 1, females were placed for 62 hours in a cage that had previously held a sexually experienced male. This experimental protocol has been shown previously to induce a natural peak of LH release, necessary for ovulation in cycling females (31) . Strikingly, while LH levels in Nos1 -/-Lep ob/ob female mice remained below the limit of detection, Nos1 +/+ Lep ob/ob females displayed a quintessential surge in LH levels ( Figure 4F ). Importantly, Nos1 -/-Lep +/+ littermates demonstrated detectable basal LH levels as well as an increase in plasma LH following exposure to male odors, as described above (n = 4, 0.39 ± 0.29 ng/ml after exposure to male odor vs. 0.13 ± 0.014 ng/ml under basal conditions, P = 0.05), providing evidence that the lack of LH release in Nos1 -/-Lep ob/ob females after the leptin regimen was not due to the Nos1 -/-mutation but rather to the impairment of leptin signal transmission to GnRH neurons via nNOS cells. At the gonadal level, the presence of corpora lutea was noted in Nos1 +/+ Lep ob/ob females following the leptin regimen, demonstrating that Nos1 +/+ Lep ob/ob females had mature ovaries and had undergone ovulation, while the ovaries of Nos1 -/-Lep ob/ob females remained immature ( Figure 4G ). Importantly, Nos1 -/-Lep ob/ob mice did not show any developmental alteration of the GnRH system, either with respect to the number of GnRH neurons in the preoptic region or with respect to the innervation of the median eminence, when compared with the other genotypes ( Figure 5 ). Lep ob/ob female mice without leptin treatment had dense GnRH-immunoreactive fibers within the median eminence, as previously described (25), while leptin restored GnRH-immunoreactive fibers to wild-type levels, suggesting a problem in transport and/or release of the GnRH peptide in Lep ob/ob animals, likely contributing to the infertile phenotype. Yet the Nos1 -/-Lep ob/ob mice treated with leptin maintained normal GnRH-immunoreactive fibers at the median eminence, demonstrating that their continuing infertile phenotype is not likely to be attributed to a blockade of the GnRH peptide within the nerve terminals ( Figure 5 , B and C).
To further assess the role of NO signaling in the preoptic region, Lep ob/ob mice were given a chronic infusion of l-NAME directly into the preoptic region in conjunction with peripheral leptin administration. Remarkably, Lep ob/ob mice treated with l-NAME phenocopied Nos1 -/-Lep ob/ob mice, in which leptin did not induce sexual maturation but did decrease body weight, while vehicle-infused animals showed their first estrus 16 days from the start of leptin treatment and recovered estrous cyclicity (Figure 4 , C and D), providing further evidence of the dissociation between leptin's influence on reproduction and metabolism (25) . Furthermore, at the end of the treatment regimen, all vehicle-infused Lep ob/ob mice had detectable levels of plasma LH, similar to basal LH levels in control wild-type littermates (n = 3-6, 0.10 ± 0.01 ng/ml in Lep +/+ and Lep ob/+ mice vs. 0.15 ± 0.07 ng/ml in vehicle-infused Lep ob/ob mice, P = 0.29), while LH levels remained below the limit of detection in all animals in the l-NAME-infused group (n = 4). Together, these data suggest that leptin, acting through NO signaling particularly within the preoptic region, is critical for the progression of sexual maturation in leptin-deficient mice.
LepR signaling within the preoptic region controls basal LH secretion. To further study the physiological relevance of the LepR signaling in the preoptic region, we used intracranial injections of the TATCre fusion protein, whose cellular uptake is enhanced compared with Cre recombinase (32) , into the preoptic region of female mice (Supplemental Figure 3) to target neurons in Lepr fl/fl mice. Control experiments with tdTomato fl/+ reporter mice showed that a single injection of TAT-Cre into the preoptic region caused gene recombination in neurons of this region, including those expressing nNOS, but not in other long-form LepR-expressing (LepRb-expressing) brain areas, such as the ARH and the ventral premammillary nucleus (PMv) (Supplemental Figure 3) . Control experiments showed that phosphorylation of STAT3 induced by peripheral leptin administration was selectively blunted in the preoptic region of Lepr fl/fl mice, while it was retained in other LepRexpressing regions of the hypothalamus ( Figure 6A ). This selective inhibition of LepR expression in the preoptic region that did not alter body weight ( Figure 6B ) led to a significant increase in uterine weight ( Figure 6C ) and basal LH serum levels in diestrous mice ( Figure 6D ) (n = 9-10, 2-way ANOVA, P < 0.05). In contrast, 15-minute exogenous leptin treatment failed to promote further increases in LH levels in these mice ( Figure 6D ) (n = 9-10, 2-way ANOVA, P = 0.35). Together, these data demonstrate that LepR expression in the preoptic region plays an active role in the control of basal GnRH/LH secretion.
Discussion
The connection between metabolic homeostasis and reproductive competence has been documented extensively over many decades, yet with the rapid increase in the rates of obesity and diabetes and the subsequent deleterious effects on reproduction, the need to investigate the crosstalk between metabolism and reproduction has become more urgent. In this study, we report that nNOS neurons, in particular those residing within the preoptic region, are an integral component of leptin action on the neuroendocrine reproductive axis. Leptin promoted the rapid phosphorylation of the catalytic subunit of the nNOS protein within the preoptic region, an event associated with a rise in peripheral LH from nadir levels. Genetic deletion as well as pharmacological inhibition of nNOS prevented leptin-induced LH release. Remarkably, this effect appeared independent of kisspeptin/GPR54 signaling. Leptin-deficient mice bearing a null mutation in the Nos1 gene or exposed to continuous nNOS inhibition failed to undergo sexual maturation in response to chronic leptin administration. Finally, we have provided evidence that LepRb expression within the preoptic region may play an active role in the control of basal GnRH/LH secretion.
Together, these results demonstrate that NO signaling facilitates leptin action on reproduction and establishes the preoptic region as a novel site for the integration of leptin signaling on the GnRH neural network.
NO is a freely diffusible neurotransmitter, its biological effects being regulated by the catalytic properties of the nNOS enzyme, including its rate of inactivation and distance from its source (33) (34) (35) . The preoptic region of the hypothalamus is one of the major sites for the expression of nNOS within the basal forebrain (36, 37) , in which the release of NO has been linked to the secretion of GnRH and stimulation of the preovulatory surge of GnRH/LH (15, 38-40) . The importance for nNOS activity in reproductive functioning is highlighted by the detrimental effects on fertility in nNOS-deficient female mice, ranging from sporadic ovulation and blunted preovulatory LH secretion to complete hypothalamic hypogonadism (15, 30, 41) . Intriguingly, nNOS neurons within the preoptic region have been shown to be key integrators of neural signals involved in reproduction (15, 39, 42, 43) , in which the local activation of nNOS and subsequent production of NO exert a tonic inhibitory tone on surrounding GnRH neurons (14, 15) . Recently, the peripheral metabolic hormone leptin has also been found to directly activate nNOS neurons (16) ; in this study, it has been found to induce the phosphorylation of nNOS within the preoptic region. Moreover, the targeted deletion of LepR in nNOS neurons has a profound effect on energy balance, providing evidence that nNOS neurons are crucial in the integration of metabolic signals (29) . Since mice deficient in nNOS are insensitive to the stimulatory effects of leptin on GnRH/ LH secretion and the directed inhibition of nNOS in wild-type mice blunts leptin action, we extended the finding that nNOS neurons are involved in the coordination of metabolic signals and provide the first evidence that NO signaling within the preoptic region is critical to leptin's effect on the reproductive axis.
To evaluate the specific role of LepR signaling in the preoptic region, we used stereotaxic techniques to deliver a TAT-Cre recombinant protein to LepR floxed mice. The directed deletion of LepR within the OVLT/MEPO, the site in which leptin activates nNOS (16), increased basal LH release, suggesting that a minimal amount of leptin signaling in the preoptic region is required for regular basal GnRH secretion. Indeed, it appears that leptin exerts a tonic inhibitory effect on GnRH/LH secretion, an effect strikingly similar to action of NO transmission on GnRH neurons during the estrogen-mediated negative feedback phase (15) . Thus, it is tempting to speculate that LepR signaling through NO transmission is mediating this effect. Furthermore, exogenous administration of leptin fails to further promote LH secretion, indicating that POA LepR signaling is involved in the coordination of leptin's stimulatory effect. One caveat to note is that the use of intracranial injections inherently provides variability and heterogeneity in injection sizes, injection sites, and leakage of the TAT-Cre protein into surrounding nuclei. However, LepR functioning appears completely undisturbed in caudal parts of the hypothalamus, and the LH profile remains consistent within groups, and thus, we are confident that the effects we observed are primarily mediated through knockdown of LepRbs within the preoptic region.
Previous studies have demonstrated that states of negative energy balance, in which leptin levels are low, result in decreased LH levels and the suppression of the estrous cycle, while leptin treatment restores fertility (28, (44) (45) (46) . Although leptin is considered stimulatory in nature, it is the fall in leptin levels that is the critical signal required for the organism to sense acute and long-term changes in energy balance and initiate a neuroendocrine response (28) . Interestingly, in our fasting paradigm, leptin actively restored LH levels, while the inhibition of nNOS activity prior to leptin treatment rendered the neuroendocrine reproductive axis unable to sense the increase in leptin levels. Thus, the presence of nNOS activity and subsequent volume transmission of NO appear to be necessary for sensing the changes in leptin levels to relay to GnRH neurons, a scenario that our computer modeling showed to be plausible.
In addition to modulating leptin signaling, nNOS neurons also act as an interface for kisspeptin signaling (15) . However, targeted deletion of the LepR in kisspeptin neurons does not disrupt fertility (25, 47) , and the selective reactivation of the LepR in kisspeptin neurons in mice otherwise null for the LepR (LepR-null mice) is not sufficient to promote sexual maturation (47) . In agreement, in our Gpr54 -/-mouse model, leptin evoked a rise in LH levels, which was not mitigated by the complete absence of kisspeptin/GPR54 signaling, suggesting that leptin does not require GPR54 signaling to stimulate the neuroendocrine reproductive axis.
The lack of pubertal activation in Lep ob/ob mice in which nNOS was site specifically inhibited argues for the importance of leptin signaling within the preoptic region in the onset of the neuroendocrine control of fertility. However, nNOS is also expressed in various other LepR-containing regions of the hypothalamus, making it impossible to exclude the involvement of NO signaling originating from regions other than the preoptic. Among these leptin-sensitive regions is the ventral portion of the PMv (16, 17, 29, 48) , another hypothalamic area involved in the neuroendocrine regulation of fertility (25, 29) , in which the majority of the neurons that express nNOS are also capable of sensing leptin (16, 29) . Intriguingly, leptin-sensitive PMv neurons are also glutamatergic and project to the preoptic region (17, 25) . Since most of the nNOS neurons in the preoptic region express the NMDA receptor (26) , which is involved in the onset of puberty (49) and regulates nNOS activity (19, 26, 50, 51) , it is tempting to speculate that glutamatergic neurons of the PMv morphologically and functionally interact with nNOS neurons of the preoptic region to regulate the activity of GnRH neurons, thus synchronizing the effects of leptin in the 2 regions. Curiously, cre-mediated excision of the LepR in glutamatergic neurons results in no striking metabolic or reproductive phenotype (52, 53) , suggesting that leptin signaling through glutamate is not required for fertility. Yet, the reactivation of the LepR in mice otherwise null for the LepR within the PMv, which houses predominantly glutamatergic neurons, is sufficient to rescue fertility (25) . Thus, the coordination between leptin-sensing glutamatergic PMv neurons and preoptic nNOS neurons may nonetheless occur in normal conditions and potentially regulate GnRH release. Consistent with our model, female mice with a selective deletion of the LepR in nNOS neurons demonstrate a substantial delay in the onset of puberty (29) . The fact that reproductive capacity remained uncompromised in these mice during adulthood presumably points to the redundancy in the reproductive axis (29) . The deletion of the LepR in nNOS neurons occurred during early development and likely allowed for the generation of compensatory changes. Consistent with this hypothesis, functional redundancies in the neuroendocrine reproductive axis have been demonstrated in several cases, including GnRH (54, 55) and kisspeptin neurons (23) .
As reproduction is such a critical and energy-consuming process, redundancies in the metabolic pathway controlling reproduction would ensure the survival of the species. In the present study, experiments were designed to inhibit nNOS activity and LepRb expression exclusively during adulthood, precluding the development of compensatory mechanisms, as seen in both the metabolic and reproductive neural circuitry (23, 56) . In the future, a nNOS-inducible cre mouse would be needed to clarify the role for leptin signaling in these neurons during development and adulthood.
The directed inhibition of nNOS in obese leptin-deficient females did not prevent leptin-induced weight loss during the 4-week leptin regimen. Yet the progression through puberty was not observed despite the substantial decrease in body weigh in these mice. Our study, in conjunction with data from Elias and colleagues demonstrating that the selective reactivation of the minipump for acute and chronic infusion, respectively. The TAT-Cre protein was injected bilaterally into floxed animals at the same coordinates. Detailed methods are provided in the Supplemental Methods.
Mathematical model. Detailed methods are provided in the Supplemental Methods.
TAT-Cre delivery. A TAT-Cre fusion protein produced, as detailed previously (32, 57) , was stereotaxically infused into the preoptic region (300 nl over 5 minutes at 2.1 mg/ml; +0.5 mm anteroposterior; 0.2 mm mediolateral; -5.3 mm dorsoventral) of isoflurane-anesthetized Lepr fl/fl and Lepr +/+ 2-month-old littermates 6 days before experiments.
Plasma LH assay. Plasma LH was measured using a Rodent LH ELISA Kit (Endocrine Technologies) with a sensitivity of 0.01 ng/ml and 7% intraassay and 10% interassay coefficients of variance.
Statistics. Statistical analysis was performed using GraphPad Prism software. Bar graphs were plotted with GraphPad Prism software with the SEM. Differences between 2 groups were analyzed with an unpaired Student's t test. One-way ANOVA or multivariate ANOVA followed by a Tukey post-hoc test was used to draw comparisons between 3 or more groups. P values of less than 0.05 were considered to be statistically significant.
LepR in LepR-null mice restores fertility but does not rescue body weight (25) , provides compelling evidence that leptin can act through multiple independent pathways to influence metabolism and reproductive fecundity. It should be noted, however, that the termination of our experiment was 4 weeks from the start of the leptin regimen, and the possibility remains that the leptin-deficient Nos1 -/-mice and the Lep ob/ob mice treated with the nNOS inhibitor may have regained reproductive functioning with further time on leptin treatment.
In the present study, we show that, in addition to regulating estrogen-dependent neural inputs, such as kisspeptidergic signals, the same population of NO-synthesizing neurons also sense leptin, thereby transmitting information regarding peripheral energy stores to GnRH neurons. Together, these data give rise to the provocative idea that nNOS neurons of the OVLT/MEPO are a vital cell population for the rapid integration and transmission of both gonadal and metabolic signals in the neuroendocrine brain. Drugs. Recombinant murine leptin (3 mg/kg, i.p.) and the NOS inhibitor l-NAME (50 mg/kg, i.p.; 5 mM intracranially) were purchased from Peprotech and Calbiochem, respectively. Immunohistochemistry. The detection of nNOS, P-nNOS, and P-STAT3 was carried out using protocols that we have described previously (15, 18) . Detailed methods are provided in the Supplemental Methods.
Western blot analyses. The detection of P-nNOS and nNOS by Western blotting was carried out as described previously (15) .
Stereotaxic surgery. l-NAME (5 mM) or sterile saline was infused into the preoptic region (coordinates from bregma: +0.5 mm anteroposterior, ±0.2 mm lateral, -5.3 mm in depth) of mice in vivo using a Hamilton syringe or infusion cannula connected to a subcutaneously implanted osmotic
